INTRODUCTION
The yersiniae are Gram-negative bacteria distributed into several species which show wide differences in pathogenicity and invasiveness. Yersinia enterocolitica includes both non-pathogenic and pathogenic biogroups, and Yersinia pseudotuberculosis and Yersinia pestis are characteristically pathogenic (Brubaker, 1991 ; Straley & Perry, 1995) . In humans, pathogenic Y . evtterocolitica and Y . pseudotuberculosis cause intestinal infections but the latter is more invasive (Brubaker, Abbreviations: DC, dansylcadaverine; Kdo, 3-deoxy-~-manno-2-octulosonic acid; OM, outer membrane; PMB, polymyxin B; PMBN, deacylated nonapeptide derivative of polymyxin B. 1991). In contrast, Y . pestis enters the body by nonenteric routes and it is characteristically able to multiply intracellularly (Brubaker, 1991 ; Straley & Harmon, 1984a, b) . Pathogenic yersiniae carry a virulence plasmid (pYV) and many virulence-related properties regulated at plasmid and chromosome levels are manifested only under certain conditions such as growth at 37 "C and divalent cation restriction (Brubaker, 1991 ; Cornelis et al., 1995; Straley & Perry, 1995) .
It has been shown that, independently from pYV, pathogenic Y . enterocolitica is more resistant to polycations than non-pathogenic Y . enterocolitica or enteropathogenic Escherichia coli (Bengoechea et al., 1996) . This could reflect an adaptation to environments where bactericidal peptides act (Eisenhauer et al., 1992;  0002-1984 0 1998 SGM Polymyxin B (PMB) binding by viable cells. Bacteria (1.25 x lolo c.f.u. ml-l) were incubated with PMB (125 pg ml-l) in 2 mM HEPES (pH 7.5) for 5 min at the growth temperature and sedimented (12000 g, 10 min). Unbound PMB was measured in the supernatants. For this, Petri dishes (10 cm diam.) were layered with 12 ml of a solution containing
agarose [type 11-A (medium electroendosmosis) ; Sigma] previously inoculated with 6.1 x lo5 c.f.u. E. coli K-12 ml-', and wells (5 mm diam.) were punched and filled with 30 pl of the supernatants. After overnight incubation in a wet chamber at 37 "C, inhibition haloes were measured and the amount of antibiotic calculated using PMB dilutions tested on the same plate. Direct binding was assessed by taking advantage of the fact that the fluorescent group of dansylated PMB increases its quantum yield when the peptide moiety becomes attached to a target. Fresh cells at an OD,,, of 0.5 in 1 mM KCN/2 mM HEPES (pH 7.2) were supplemented with dansyl-PMB (3.8 pM final concentration) (Schindler & Tauber, 1975) . The fluorescence was measured at the growth temperature in 1 cm diameter cuvettes with a LS-50 fluorimeter (Perkin-Elmer ; excitation 340 nm, emission 485 nm, slit width 4.0 nm) and results were expressed in relative fluorescence units (RFU). All the above measurements were performed twice with each of two independently grown batches of cells. Assessment of OM damage. Cells (lo1' c.f.u. ml-l) were incubated with PMB (10 pg ml-l) in 2 mM HEPES (pH 7.1) for 20 min at the growth temperature, sedimented (12000 g, 5 min) , fixed with glutaraldehyde/cacodylate and OsO,/ cacodylate and embedded in agarose. Thin sections were examined by electron microscopy (Martinez de Tejada et al., 1995) . Changes in O M permeability were tested using lysozyme and novobiocin as hydrophilic and hydrophobic probes, respectively. Cell suspensions (OD,,, of 0.8) were incubated with lysozyme (50 pg ml-l) and PMB (12.5 pg ml-l) in 2 mM HEPES (pH 7.1) and lysis was assessed as the decrease in OD,,, after 1 h (time at which lysis was maximal for sensitive strains) at the growth temperature. Lysozyme or PMB alone did not produce any decrease in OD under these conditions. For novobiocin, antibiotic dilutions were made in Mueller-Hinton broth in 96-well polystyrene plates which were then inoculated with 1.25 x 10, exponentially growing c.f.u. (37 "C) in 100 pl broth containing appropriate amounts of polycations (Table  1) (Vaara & Vaara, 1983) . After incubation at 37 "C for 18 h, the lowest novobiocin concentration that inhibited growth was taken as the MIC. Polycations by themselves had no inhibitory effect under those conditions. All measurements were performed two times with each of two independently grown batches of cells. LPS preparations. The LPSs of Y . enterocolitica PR 0 : 1 6 (non-pathogenic), WA 289 0 : 8 (pathogenic) and WE 245/92 , 1992) . To obtain DC-LPS complexes, LPS stocks (3 mg ml-l) were diluted in 1.5 ml 2 mM HEPES (pH 7 For each LPS, all experiments were performed twice with two different LPS suspensions. PMB did not produce any decrease in the fluorescence intensity of free DC.
Effect of polycations on zeta potentials of LPS aggregates.
The surface charge density of LPS aggregates and the effect of polycations was measured as the electrophoretically effective potential (zeta potential or is,,) of the aggregates (Cafiso et al., 1983) with varying concentrations of PMB or its deacylated nonapeptide (I'MBN), Particle size and is, were measured in a ZetaSizer 4 apparatus (Malvern Instruments) using a 5 mW He/Ne laser and a temperature-controlled electrophoresis cell to measure the electrophoretic mobility by laser Doppler anemometry and the size distribution by photon correlation spectroscopy at a scatter angle of 90". The cell was frequently checked for instrumental drifts and, if necessary, cleaned and recalibrated. The electrokinetic mobility (pel) of the aggregates was measured at 22 "C in a driving electric field of 19.2 V cmpl from which, independent of the particle size, is,, can be calculated according to the Helmholtz-Smoluchowsky
where pcl is the electrokinetic mobility, is the viscosity (0.97 mPa), E~ is the dielectric constant of the buffer (79) and E" is the permittivity of free space (Hunter, 1981) . LPS aggregates were prepared in 1 m M CsC1/2-5 m M Tris/HCl (pH 7.0) by sonication for 20 min at 40 "C in an ultrasonic bath (Sonorex RK100, Bandelin Electronics) and allowed to equilibrate at 4 "C overnight before measurements. The aggregates thus formed had similar broad size distributions with mean diameters between 65 and 118 nm. The suspensions were adjusted to the same Kdo concentration, approximately 403 pM, and for each LPS two different suspensions were examined, with six independent measurements for each PMB or PMBN Concentration.
Chemicals. PMB (SO00 units mg-') and PMBN, poly-L-lysine (molecular mass 7000-10000 Da), poly-L-ornithine (12000-22000), melittin, lysozyme, novobiocin, dansylcadaverine and dansyl chloride were all purchased from Sigma.
RESULTS

Action of polycations on Yersinia spp.
As s h o w n in Fig. l ( a ) , the a m o u n t of PMB absorbed by bacteria grown at 37 "C progressively decreased in the order non-pathogenic Y . enterocolitica pseudotuberculosis strains using dansyl-PMB. For all concentrations tested, the levels of fluorescence (proportional to the bound probe) were similar in pYV+ and pYV-isogenic pairs grown in magnesium/oxalate medium at 37 "C ( Fig. I b (Table l) , a result in keeping with their different O M permeability to hydrophobic drugs (Bengoechea et al., 1998) . Polycations increased the Y . enterocolitica novobiocin MIC 8 to 64-fold, produced no effect on the Y . pestis MIC, and, depending on the polycation and strain, only increased the MIC of Y . pseudotuberculosis 2 to 4-fold (Table 1) .
LPS-polycation affinities
T o test whether the observations made with live bacteria correlated with LPS affinities, LPSs were incubated with DC and the DC 50% occupancy (affinity) was assessed by displacement with PMB or PMBN ( (non-pathogenic) (V) grown a t 26 (a) or 37°C (b) . Each point corresponds to six measurements; the SD was so small as to be hidden by the symbols. 1 and Table 2 ).
DC affinity decreased in the order
csm of LPS aggregates and effect of polycations
The rsm values with respect to PMB concentration are presented in Fig. 2 . For the native LPS aggregates (zero PMB) and independent of growth temperature, is, was Polycations and Yersinia outer membranes always negative with no marked differences or clear correlation with the amounts of polycation bound by live cells (Fig. 1) or LPSs ( 
DISCUSSION
Despite their variety of structures and origin (Nicolas & Mor, 1995 ; Vaara, 1992) , bactericidal cationic peptides start their action by electrostatic interaction with negatively charged groups of the surface of target cells (Nicolas & Mor, 1995; Stivanage et al., 1989; Vaara, 1992) . Thus, melittin, PMB, poly-L-lysine and poly-Lornithine mimic in part the bactericidal peptides of vertebrates and, therefore, the progressive increase in polycation resistance observed from the less invasive (Y.
enterocolitica) to the more intracellular (Y. pestis)
yersiniae strongly suggests that this property helps to overcome the increasing host defences from mucosal to phagocytic levels. This interpretation is consistent with the previous observation that whereas polycation resistance is lost at 37 "C in non-pathogenic Y. enterocolitica, it is only reduced in pathogenic Y . enterocolitica (Bengoechea et al., 1996) . Moreover, Y. pseudotuberculosis WE 23/90, WS 41/91 and WS 45/91, and Y. pestis KIM polycation resistance was more marked than that of pathogenic Y. enterocolitica and increased at 37 "C. Thus, the relevance of polycation resistance in the biology of yersiniae is also suggested by the fact that it is lost, kept or enhanced at the host growth temperature in accordance with the transition from non-pathogenic biogroups to the most invasive spp. It has been shown that introduction of pYV in nonpathogenic Y. enterocolitica does not result in virulence, despite expression of pYV-encoded factors (Heesemann et al., 1984) . Since non-pathogenic Y. enterocolitica differs clearly from pathogenic yersiniae in polycation resistance (Bengoechea et al., 1996; this work) , it can be speculated that this trait provides a background on which pYV acquisition leads to full virulence. In a previous study (Bengoechea et al., 1996) , no differences were observed when LPS aggregates of pathogenic and non-pathogenic Y. enterocolitica were tested for polycation-induced permeability changes to hydrophobic probes. The more accurate DC measurements, however, showed affinity differences between the probe and the LPSs of pathogenic and non-pathogenic Y. enterocolitica, thereby explaining the observations made with viable cells of this species. Negatively charged LPS sites are located at the core and lipid A and, so far, polycation resistance in enteric bacteria has been related to 0-chain steric hindrance (Peterson et al., 1986) and to a reduction of charge due to substitution of phosphates by arabinosamine and/or ethanolamine in lipid A (Guo et al., 1997; Helander et al., 1994 Helander et al., , 1996 Nummila et al., 1995; Sidorczyk et al., 1983; Stivanage et al., 1989 (Bengoechea et al., 1996) and in the accompanying article (Bengoechea et al., 1998) 
